free nerve endings in the epithelium and initiates a "corneal reflex" with blinking, leading to the spread of a tear film over the eye, thereby rewetting the corneal surface.
Many staining techniques ; i.e., nonspecific acetylcholinesterase (NsAchE, [3] [4] [5] [6] , gold chloride (AuCl, 7, 8) and double staining with NsAchE and AuCl (9) have been used to visualize the corneal nerve fibers. Furthermore, there have been numerous reports relating to the neurotransmitters of the corneal nerve, such as substance P (SP, 10-13), calcitonin gene-related peptide (CGRP, [14] [15] [16] [17] [18] , and protein gene product (PGP, 13, 19) , but no studies have tried to examine the distribution of transient receptor potential vanilloid 1 (TRPV1)-positive nerve fibers in the cornea.
TRPV1 is a receptor of capsaicin that is preferentially expressed in small sensory neurons and nerve fibers. Recently, Nakamura, et al . (20) reported that an average of TRPV1-labeled trigeminal neurons of the rat was 22.8% for the neurons innervating to the cornea. Besides, TRPV1 expression was demonstrated in the corneal epithelial cells of the mouse (21) . These TRPV1-expressing corneal cells were considered to release inflammatory mediators (IL-6, IL-8) in response to noxious stimuli or infection (21) .
As for the channel receptors, the transient receptor potential (TRP) are a superfamily of cation channels that display a great diversity of sensing mechanisms. They are widely distributed in mammalian tissues and respond to a wide range of environmental signals, including temperature, touch, pain, osmolarity, taste, protons (low pH), and pheromones (22) . Among them, the receptors of temperature are TRPV1-4, TRPM8, and TRPA1 (23) (24) (25) (26) (27) (28) . Electrophysiological data imply that specific corneal receptors are activated by thermal or mechanical stimulation or both (29) (30) (31) (32) (33) ; therefore, it stands to reason that the cornea would have receptors capable of detecting thermal and mechanical stimuli.
We found that the pattern and density of the subepithelial corneal nerve fibers stained by the NsAchE method did not differ significantly between the control and capsaicin-treated neonate rats (19) ; i.e., the NsAchE method used in our study did not stain capsaicin-sensitive corneal nerves. In addition, we noticed the presence of many nerve fiber-like structures that had not been stained with NsAchE in the rat cornea. These fibers ran towards the central area and formed a mesh-like architecture. Recently, Murata and Masuko have reported the presence of TRPV1-immunoreactive (ir) nerve fibers in the rat cornea (34) . They demonstrated the existence of TRPV1-ir nerve fibers, but not their distribution. The purpose of the present study is to examine the properties of these mesh-like fibers. Since there is no direct method that can determine whether the mesh-like fibers are sensory nerve fibers, we indirectly investigated this matter using the following two parameters : their sensitivity to capsaicin, and the detection of isolectin B4 (IB4)-and TRPV1-reactivity. IB4 exclusively labels small-type neurons and unmyelinated sensory fibers. Thus, IB4-reactive neurons and fibers are almost all with TRPV1-reactive small neurons or unmyelinated sensory fibers.
MATERIALS AND METHODS
All the experiments followed the guidelines of the Ethics Committee of the International Association for the Study of Pain (35) and were approved by the Committee on Experimental Animals and the Ethical Treatment of Animals of the University of Tokushima.
Enucleations of the eye were always made under anesthesia with pentobarbital sodium.
Influence of capsaicin on the mesh-like fibers that were not stained with the NsAchE method
A single dose of capsaicin (50 mg/kg, Nacalai Tesque Inc., Kyoto, Japan) was injected into the dorsal skin (s. c) of rat pups (n=4) on day 3 after birth. The same number of age-matched animals received only a vehicle (10% ethanol and 10% Tween 80 in saline) and served as controls. The bilateral corneas with narrow scleral margins in each animal were excised from enucleated eyes at 15 days after capsaicintreatment. Briefly, after dipping the specimens in DPB (Dulbeco's phosphate buffered saline), the iris and ciliary body were removed. The specimens were fixed in a solution of 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) overnight. Subsequently, they were stored in 0.1 M phosphate buffered saline (PBS, pH 7.4) containing 10% sucrose for 1 day at 4! !. The corneas were not stained at all. The corneas from capsaicin-treated animals were microscopically photographed at a magnification of ! 20. Entire corneal figures were made as montages at a final magnification of! 76. The total area of the capsaicin-treated cornea containing the mesh-like fibers was measured by the NIH image processing and analysis program. The lost area of mesh-like fibers in the capsaicin-treated cornea was estimated from the total area.
Detection of IB4-and TRPV1-reactivities 1) Paraffin-embedding of sections by the avidin biotin complex (ABC) method to detect TRPV1 and PGP
a) The sections from an entire eye embedded materials Enucleated eyes were fixed in a solution of Bouin for 12-24 hours. Subsequently, they were washed in 70% ethanol for a week. The specimens were dehydrated in isopropanol, cleared in xylene, embedded in paraffin, and cut into slices of 5-7 μm thickness. The sections were deparaffinized in xylene, passed through a graded series of isopropanol (96%-70%), and placed in water. After the sections had been placed in hot water (92! !, 15 min), they were dipped in PBS and preincubated with 5% bovine serum albumin (BSA)-PBS containing 1% Triton X-100 at room temperature (RT) for 30 min, followed by incubation in 1% BSA containing 0.5% Triton X-100 (RT, 3! 5 min). Then, the specimens were incubated in 1% BSA-PBS containing 30% avidin (RT, 20 min), before being washed in 1% BSA-PBS, incubated in 1% BSA-PBS containing 30% biotin (RT, 20 min), and then washed again in 1% BSA-PBS. They were reacted with rat polyclonal anti-TRPV1 (raised in rabbit, 1 : 300, 16! !, overnight). After being rinsed in 0.5% BSA-PBS (RT, 3! 5 min), they were incubated with anti-rabbit biotin-labeled secondary antibodies (1 : 200, 37! !, 45 min). After being rinsed in 0.5% BSA-PBS, they were incubated in avidinbiotin-peroxidase dissolved in 1% BSA-PBS (37! !, 45 min). The specimens were prereacted with 0.06% Ni 2+ -intensified diamino benzidine (DAB, 0.01%) solution (5 min) and reacted with the same solution containing 0.01% H2O2 (8 min). They were then washed in water, dehydrated in isopropanol, and cleared in xylene. Finally, the sections were embedded in Depex. Similarly, immunostaining with protein gene product (PGP, 1 : 1500, Ultra Clone Ltd. Isle of Wight, England) as a marker of peripheral nerve fibers was also performed in paraffin sections using mouse polyclonal antibody. b) Sections from the excised cornea
The corneas excised from the enucleated eyes were also fixed and paraffin embedded. The sections were reacted in the same way as described above.
2) Staining of IB4 in the whole mount preparations (immunofluorescent method)
The bilateral corneas with narrow scleral margins were excised from the enucleated eyes in each animal. Briefly, after dipping the specimens in DPB, the iris and ciliary body were removed. They were fixed in a solution of 4% paraformaldehyde with or without 0.2% picric acid in 0.1 M PBS (4! !, overnight). After fixation, they were stored in 0.1 M PBS containing 10% sucrose (24 h, 4! !). Then, the corneas were pre-incubated in 5% BSA-PBS containing 1% Triton X-100 (RT, 30 min). Subsequent rinsing in 1% BSA containing 0.5% Triton X-100 (RT, 2! 5 min), was followed by incubation of the corneas in FITC-coupled IB4 (10 mg/ml, Vector Lab. Inc. Burlingame, USA) for 24 h at 4! !. After they had been rinsed in PBS (RT, 3! 5 min), the specimens were embedded in 1% propyl gallate.
3) Double staining with IB4 and TRPV1 of whole mount preparations (immunofluorescent method)
The excision and fixation of the corneas were performed using the same method as noted above. After incubation of the corneas in the FITC-coupled IB4 (10 mg/ml) for 24 h at 4! !, they were washed in PBS, preincubated in 5% BSA-PBS containing 1% Triton X-100 (RT, 30 min), and rinsed in 1% BSA containing 0.5% Triton X-100 (RT, 3! 5 min). Then, the specimens were incubated for 24 h at 4! !in rat polyclonal anti-TRPV1 (raised in rabbit, 1 : 2000, Trans Genic Inc., Kumamoto, Japan). They were then washed in PBS (RT, 3! 5 min) before being incubated with the secondary antibodies (Texas Red conjugated goat anti-rabbit IgG, 1 : 400, Rockland Inc. Gilbertsville, USA) for 2 h at 37! !. The subsequent procedures were the same as mentioned above.
Specimens devoid of the primary antiserum and IB4 were examined as controls. Immunofluorescence materials were observed using a fluorescence microscope (DP70, Olympus, Tokyo, Japan).
RESULTS

Sensitivity of the mesh-like fibers to capsaicin
Fiber networks were clearly observed in the control corneas. They ran to the central area and formed a mesh-like structure (Fig. 1a, b) . The mesh-like fibers markedly disappeared or were distorted in the capsaicin-treated corneas (Fig. 1c, d) . The loss of fibers and their distorted arrangement were conspicuous especially in the center of the cornea. A mean area of 26.2% of the total area of the capsaicintreated corneas showed a loss of the mesh-like fibers (Table 1) . No disappearance or distortion of the mesh-like fibers was observed in the control corneas (Fig. 1) .
TRPV1-immunoreactive (ir) and PGP-ir nerve fibers in the paraffin-embedded sections
A few TRPV1-ir fibers were seen in the base of the epithelium (Fig. 2a) . However, many TRPV1-ir fibers were seen among the obliquely sectioned epithelium (Fig. 2b) . No TRPV1-ir nerve fibers were seen in the iris (Fig. 2c) , but it was densely innervated by PGP-ir nerve fibers (Fig. 2d) .
IB4-positive and TRPV1-ir nerve fibers in the whole mount preparations
Many IB4-positive nerve fibers were seen to form bunches consisting of fine IB4-positive nerve fibers and with connections between the bunches (Fig. 3  b-d) . Thus, IB4-positive nerve fibers made a mesh like pattern similar to that of the fibers that were not stained with NsAchE (Fig. 3a) . TRPV1-ir fine nerve fibers were also seen to form bunches (Fig. 4a) . The bunches were connected to each other by TRPV1-ir positive fine nerve fibers and made a mesh-like structure similar to the IB4-positive nerve fibers (Fig. 4a) . The merged figures of the IB4-positive nerve fibers and TRPV1-ir positive nerve fibers show that they overlap (Fig. 4b, c, d ).
DISCUSSION
Recently, we demonstrated the pattern and density of the corneal subepithelial nerve fibers stained by the NsAchE method (19) . No significant difference in nerve fiber density was found between NsAchE-positive nerve fibers in the control and capsaicin-treated corneas (19) . Accordingly, the NsAchE-positive nerve fibers are capsaicin-resistant. Simultaneously, we noticed that there were many mesh-like fibers in the corneas that were not stained with NsAchE. The mesh-like fibers were not thought to be collagen fibers due to their branching and connections. Whether or not the mesh-like fibers are nerve fibers was examined in this study using the following parameters : their sensitivity to capsaicin and reactivity to TRPV1-antibody and plant lectin IB4.
The sensitivity of the mesh-like fibers to capsaicin
Many fiber-like structures were seen in the nonstained control corneas. The fibers ran from the periphery to the central area, forming mesh-like patterns. These mesh-like fibers were severely diminished in the capsaicin-treated corneas. The disappearance and distortion of the fibers was marked in the center of the cornea. The mean loss of meshlike fiber area was 26% of the total area in the capsaicin-treated corneas. These results indicate that the fibers that were not stained with NsAchE are capsaicin-sensitive. The number of PGP-ir nerve fibers in the cornea 15 days after capsaicin injection at two days of age was decreased compared to that in the control cornea (19) . Furthermore, corneal lesions were induced by neonatal capsaicin application in proportion to the dose of drug and survival time after treatment (36) . The first occurrence of a lesion at the center of cornea (36) was closely correlated with the loss of mesh-like fibers in the present capsaicin-treated corneas. Thus, the mesh-like fibers that were not stained with NsAchE are sensitive to capsaicin ; and therefore, seem to be nociceptive sensory nerve fibers. Murata and Masuko (34) reported the presence of TRPV1-ir nerve fibers in the rat cornea. They demonstrated the existence of TRPV1, but not the pattern or distribution of TRPV1-ir nerve fibers in the cornea. The present study showed that a few TRPV1-ir nerve fibers were present in saggital sections of the cornea. However, many TRPV1-ir nerve fibers were seen in oblique sections of the cornea. TRPV1-ir fibers were not seen in the iris, although many PGP-ir fibers were present in this tissue. Since the PGP-ir fibers in the iris may be autonomic nerves, the absence of TRPV1-ir fibers in the iris acts sure as a negative control for TRPV1-ir nerve fibers.
TRPV1-immunoreactivity in corneal nerves
TRPV1-ir fine nerve fibers formed bunches in the whole mount preparations. The bunches were connected to each other by thin filament bundles ; therefore, TRPV1-ir nerve fibers also form a meshlike pattern similar to the fibers that were not stained with NsAchE. The results suggest that a considerable number of TRPV1-positive nerve fibers are present in the rat cornea.
IB4-reactivity in corneal nerves
IB4 is a plant lectin extracted from the seeds of Griffonia (Bandeiraea) simplicifolia. The first characterization of small sensory neurons in the dorsal root ganglion (DRG) and TG of the rat was made using IB4 conjugated to horseradish peroxidase (HRP) by Streit, et al . (37) . IB4 exclusively labeled small-type neurons smaller than 800 μm 2 , unmyelinated sensory fibers, and their central terminals in the substantia gelatinosa (SG) of the spinal dorsal horn. Silverman and Kruger (16) reported that fine-diameter IB4-positive nerve fibers were seen throughout the corneal epithelium and stroma, ramifying extensively, radiating both horizontally and vertically, and making a mesh-like pattern. In the present study, bunches of IB4-positive nerve fibers showed connections with each other and made mesh-like patterns similar to those seen in the aforementioned study (16) and those of fibers that were not stained with NsAchE. This suggests that the mesh-like fibers that were not stained with NsAchE are the same as the IB4-positive nerve fibers.
Coexistence of IB4 and TRPV1-ir in corneal nerve fibers
TRPV1-ir fine nerve fibers formed bunches and a mesh-like distribution pattern similar to IB4-positive nerve fibers. TRPV1-and IB4-reactivity nearly perfectly overlapped in the merged figures. This indicates that TRPV1 colocalizes with IB4-positive nerve fibers in the cornea. Guo, et al . (38) showed that more than 50% of small-to medium-sized L5 DRG and TG neurons in rats express TRPV1 (neuron size : 200-1100 μm 2 , peak 400-800 μm 2 ). TRPV1 colocalized with IB4 in these neurons (78% TRPV1= IB4+, 67% IB4+=TRPV1). The overlapping of TRPV1 and IB4 in the corneal nerves may reflect their coexistence in smaller TG neurons.
As a result, IB4-positive small neurons were found to be capsaicin sensitive and to play important roles in responses to TRPV1 agonists, heat (42-52! !), and endogenous cannabinoids (39) . Instillation of capsaicin (30 μM : mouse, 100 μM : rat) on the cornea induced eye wiping a mean number of 20 (mouse) and 5 (rat) times in normal animals ; whereas, neonatally capsaicin-treated animals did so a mean of only 2.5 (mouse) and 0.9 (rat) times (19, 40) . Capsaicin is a TRPV1 receptor agonist, which binds to the channel and induces chemical nociception. Therefore, the reduction of wiping at least in rats was considered to be closely related to a decrease in the number of capsaicin-sensitive, fibers that were not stained with NsAchE in the present study and PGP-ir nerve fibers (19) . Together, TRPV1-ir and IB4-positive nerve fibers may have a major role in nociceptive sensation in the cornea.
CONCLUSIONS
1) The nerve fibers that were not stained with NsAchE are sensitive to capsaicin. 2) Many IB4-positive fine nerve fibers are present in the rat cornea. They formed a mesh-like pattern similar to the fibers that were not stained with NsAchE.
3) A considerable number of TRPV1-ir nerve fibers innervate the rat cornea. They also form a meshlike pattern similar to the IB4-positive nerve fibers.
The present results strongly suggest that the mesh-like fibers seen under non-stained conditions are capsaicin-sensitive and make bunches of fine IB4-or TRPV1-positive nerve fibers, indicating that they are nociceptive sensory nerve fibers.
The greater part of this study was presented at the "Workshop of Pain" held by the National Institute for Physiological Sciences on 22-23 January, 2009, at Okazaki, Japan.
